Abstract: Some problems on a nonius guidance, robust attitude control and long-time image motion stabilization of a large space astronomical telescope are considered. Elaborated methods for dynamic research under external and parametric disturbances, partial discrete measurement of the state, digital control of the gyro moment cluster and a fine piezo-driver, are presented.
INTRODUCTION
The USA Hubble Space Telescope (HST), today the largest optical astronomical space telescope, has demonstrated the breadth of fundamental astrophysics that can be extracted from space-based observations. In the next two decades there will be made with ever more capable instruments and facilities. Today the Space Telescope Science Institute (STSI) develops the Advanced Technology Large Aperture Space Telescope (ATLAST) which is a NASA strategic mission concept study for the next generation of space observatory (see http://www.stsci.edu/institute/atlast). The ATLAST will have a primary mirror diameter in the 8m to 16m range that will allow to perform some of the most challenging observations to answer some of most compelling astrophy-sical questions.
The ATLAST-8m mission concept (Postman and et al., 2008; Hopkins and et al., 2010) takes real advantage to launch an 8-meter monolithic primary mirror telescope ( Fig. 1) to the second Sun-Earth Lagrange(L2) point in the 2020 decade. For this space observatory specific technical problems must be studied, included optical design; structural design and a vibration analysis; thermal analysis; launch vehicle performance and trajectory; spacecraft structure, propulsion, guidance, navigation, control and power systems; mass, power and cost budgets. The spacecraft performance capabilities and engineering design choices are directly traceable to science requirements:
• pointing stability 1.6 10 −3 arcsec; • maximum slew rate 60 degrees in 90 minutes;
• maximum roll rate 30 degrees in 30 minutes;
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Fig. 1. Cutaway view of the 8-meter ATLAST
• maximum continuous inertial pointing 4500 minutes (9000 minutes goal); • momentum unloading interval 8 times in 22 days;
• the Sun avoidance angle 60 degrees.
Additionally, the spacecraft (SC) employs a modular design philosophy to enable on-orbit servicing and replacement of subsystems. Assuming that servicing will occur on a regular basis, the spacecraft lifetime is 5 years with a goal of 10 years. All non-serviceable spacecraft components have a minimum design lifetime of 20 years.
The SC solar array panels (SAPs) are sized to produce 11,160W of power, which includes 30 % margin at the end of a 10 year lifetime. Of this power, 2000W is for heating the primary mirror via electric heater panels to keep it at the desired 280K operational temperature. Under normal operations, 1600W is scavenged from the instruments. The SAPs are doubled gimbaled to accommodate 240
• slews (with ±60
• Sun avoidance and ±30
• on roll) for maintaining a balance on a solar pressure -principle external disturbance in the Sun-Earth L2 point. The SAPs are Fig. 2 . The dynamic scheme of a spacecraft with a large-scale optical telescope deployed on adjustable booms to provide solar pressure counter to the telescope tube, this balancing system can theoretically nullify all solar torques, providing unlimited observation times. The SAPs small angular replacements may be applied for permanent unloading an accumulated angular momentum (AM) of a gyro moment cluster (GMC) based on reaction wheels (RWs) or on control moment gyros (CMGs), but moreover large problems are arose on fine pointing stabilization of the SC body into the inertial reference frame (IRF) if only the same GMC is applied for the SC attitude control.
In this paper, some problems on guidance, robust attitude control and image motion stabilization of a large space astronomical telescope are considered, original nonius (vernier) approach is suggested for obtaining high accuracy of a long-time image motion stabilization.
NONIUS GUIDANCE OF SPACE TELESCOPE
Conventionally, the SC attitude control system (ACS) have been designed in the form of a multi-functional system of combined control. Since it is the necessary for the closed loop to operate in the "reference memory" mode for long periods, this is the decisive criterion of efficiency. The principal meter for this loop has been represented by a strapdown inertial navigation system Fig. 3 . The scheme of the two-loop system for ultraprecise image motion stabilization: 1 -the main mirror; 2 -the near-focal optic compensator as the moving diagonal mirror; 3 -the fixed diagonal mirror; 4 -the light detector; 5 -the off-set fine image motion (position or/and velocity) sensor; 6 , 9 and 10 -the micro-processors; 7 -the fine piezoceramic micro-drive; 8 -the fine sensor for the image motion compensator's 2 angular deviations; 11 -the optic compensator as the moving secondary mirror; 12 -the digital electro-mechanical micro-drive. As far as ultra-precise image motion stabilization system is concerned (Somov and Dul'kin, 1975) , the image, which is obtained with the main mirror (1) of the telescope in the light detector (4), has been precisely stabilized using two closed-loops, comprising the off-set fine image motion sensor (5), the fine sensor 8 for the image motion compensator's 2 angular deviations and micro-processors (6), (9) and (10). The movements of the optical compensators (11) and near-focal diagonal mirror (2)) is implemented by digital electro-mechanical (12) and piezo-ceramic (7) micro-drives.
In result, there is obtained the nonius two-cascaded ACS:
• I cascade -attitude guidance, navigation (by the SINS), gyromoment control (by the GMC) and angular stabilization of a space telescope body into the IRF with accuracy 3σ ≈ 2 arcsec; • II cascade -ultra-precise stabilization of an image position into the telescope focal plane with accuracy 3σ ≈ 1.5 10 −3 arcsec by movements of the optical compensators on signals of the off-set fine image motion sensor.
Suggested nonius ACS in cooperation with the solar pressure balancing system by the SAPs slow angular replacements for permanent unloading an accumulated AM of any GMC may be applied for a long-time ultra-precise image motion stabilization.
EXECUTED DEVICES AND SYSTEMS
Increased requirements to information satellites (lifetime up to 10 years, exactness of spatial rotation manoeuvers with effective damping the SC flexible structure oscillations, robustness, fault-tolerance as well as to reasonable mass, size and energy characteristics) have motivated intensive development the GMCs based on excessive number of gyrodines (GDs) -single-gimbal control moment gyros, see Fig. 4 . Collinear pair of two GDs was named as Scissored Pair Ensemble (SPE ) in well-known original work J.W. Crenshaw (Crenshaw, 1973) . Redundant scheme, based on six gyrodines in the form of three collinear GD's pairs, was named as 3-SPE . The piezo-drive have a tubular construction with bending possibility at two orthogonal planes, see Fig. 6 : a tubular piezo-ceramic element (PCE) 1, the elastic insulating spacers 2, a case 3 and an image motion compensator (IMC) 4 -a flat mirror. The PCE is freely attached to the case 3 on the borders at two orthogonal planes by spacers 2. The IMC 4 is rigidly connected to the end of the PCE 1 so that its reflecting plane is orthogonal to the PCE axis. The tubular PCE have 5 electrodes: general electrode 5 at its internal surface and 4 external electrodes 6-9 ordered along the PCE so that the symmetry planes of the opposite electrodes are mutually orthogonal (Somov, 1974) . The PCE longitudinal parts have the contrary directions of radial polarization under the opposite electrodes. When a control voltage is appeared on the points k 1 &k 0 or k 2 &k 0 then due to a reverse transverse piezo-effect the PCE parts under electrodes 6&8 or respectively 7&9 are deformed in the contrary directions and therefore the PCE bends are happened at relevant planes. So, the tubular piezo-ceramic element is equivalent to the controlled 2-DOF Hooke hinge. t for matrixes are conventional denotations. The GMC's AM vector H have the form H(β) = h g h p (β p ), there h g is constant own AM value for each GD p = 1, . . . 6 ≡ 1 ÷ 6 with the GD's AM unit h p (β p ) and vector-column β = {β p }. Within precession theory of the control moment gyros, for a fixed position of the SC flexible structures with some simplifying assumptions and for t ∈ T t0 = [t 0 , +∞) a SC angular motion simplest model is appeared aṡ
presents an external torque disturbance, and Q o (·), Q q j (·) are nonlinear continuous functions. The GMC torque vector M g is presented as follows:
Here
are outputs of digital nonlinear control law (CL), and functions Sat(x, a) and Qntr(x, a) are general-usage ones, while the holder model with the period T u is such:
At given the SC body angular programmed motion Λ p (t), ω p (t), ε p (t) =ω p (t) with respect to the IRF I during time interval t ∈ T ≡ [t i , t f ] ⊂ T t0 , t f ≡ t i + T, and for forming the vector of corresponding continuous control torque M g (β(t),β(t)) (2), the vector-columnsβ = {β p } andβ = {β p } must be component-wise module restricted:
where valuesū g andv g are constant.
Model of a space telescope takes into account (Somov, 2000) :
• the controlled motion of the SC mass center;
• the spatial angular motion of the SC as a rigid body;
• movements of flexible SAPs (P 1 , P 2 ) and antennas (A 1 , A 2 ), see Fig. 2 ; • movements of the GMC scheme, see Fig. 5 , moreover the model of each gyrodine describes · the nonlinear dynamics of the gyro-rotor's 5-DOF ball bearing suspension, see Fig. 4 ; · the proper gyro-rotor rotation dynamics with regard to its static and dynamic unbalance; · the flexibility of gyro-shell's ball bearings; · the flexibility and kinematic defects in the gear; · the dynamics of stepping motor and an electromagnetic damper on the gyrodine precession axis that takes into account the dry friction torque; • the GMC fixation on the SC body by means of a vibration-absorbing frame; • external torques, including ones by solar pressure;
• the flexible-viscous fixation of the optical telescope structure on the SC body by a vibration-absorbing frame P, see Fig. 2 , taking into account: · the flexibility of the telescope's main mirror M 1 fixation into its frame F 1 ; · flexibility of telescope's tube T with blend B; · the movements of optical compensators K 0 (a secondary mirror M 2 with respect to its frame F 2 ) and K 1 (a near-focal diagonal mirror about the frame F 1 ); · the nonlinear dynamics of the digital electromechanical micro-drive (12) with a precision screw gear and the fine piezo-ceramic micro-drive (7), see Fig. 6 ; • the operation of system's meter elements taking into account the proper dynamics of these devices, their nonlinearities, the digital forming output signals, the discrete noise influences and the delay with respect to the main cycle of the onboard computer operation, including that of the fine opto-electronic image motion sensor (5) and the fine sensor (8), see Fig. 3 .
VIBRATIONAL ANALYSIS OF A TELESCOPE
Some results on the vibrational analysis of the image motion δ p z (t) onto the light detector P i , while being subjected to the rotation frequency of all 6 statically unbalanced gyrodine's rotors in ball bearings and without a vibroabsorbing frame for the GMC fixation on the SC body, are given in Fig. 7 . The vibration amplitude on δ p z of this image at the gyro-rotor's nominal rotation frequency is equal to ∼ 0.005 arcsec.
The use of the gyro-rotor's 5-DOF gas-dynamic suspension in each gyrodine and placement of the GMC on the SC body by a vibro-absorbing frame made it possible a vibration amplitude of ∼ 0.2 10 −3 arcsec to be attained at this rotation frequency for all gyro-rotors. Authors have an experience on research and dynamic synthesis of the space nonlinear control systems, see for example (Bourdache- Siguerdidjane and Fliess, 1987; Bourdache-Siguerdidjane, 1991; Siguerdidjane et al., 2008) and (Somov, 1992; Somov and et al., 1999; Somov et al., 2008) . As the main methods for synthesis of nonlinear control systems we use methods of Lyapunov functions and vector Lyapunov functions (VFL) in association with the exact feedback linearization (EFL) technique and back-stepping based approach. Contemporary filtering & alignment calibration algorithms (Somov, 2009) give finally a fine discrete estimating the SC angular motion coordinates by the quaternion
s is a "noise-drift" digital quaternion and a measurement period T q = t s+1 − t s ≤ T u is multiply with respect to a control period T u .
In stage 1, for continuous forming the control torque M g (β(t),β(t)) (2) and the SC model as a free rigid body the simplified controlled object is such:
. (4) The error quaternion is E = (e 0 , e) =Λ p (t)•Λ, Euler parameters' vector is E = {e 0 , e}, and the attitude error's matrix is C e ≡ C(E) = I 3 − 2[e×]Q e , where Q e ≡ Q(E) = I 3 e 0 + [e×] with det(Q e ) = e 0 . If error δω ≡ω in the rate vector ω is defined asω = ω − C e ω p (t), and the GMC's required control torque vector M g is formed as
then the simplest nonlinear model of the SC's attitude error is as follows: e 0 = − e,ω /2;ė = Q eω /2;ω =m.
(5) For model (5) a non-local nonlinear coordinate transformation is defined and applied at analytical synthesis by the EFL technique. This results in the nonlinear CL m(E,ω) = −A 0 e sgn(e 0 ) − A 1ω ,
where
[e×]/(2e 0 ), and parameters a * 0 ,a * 1 are analytically calculated on spectrum S * ci = −α c ± jω c . Simultaneously the VFL υ(E,ω) is analytically constructed for close-loop system (5) and (6). Into orthogonal canonical basis Oxyz, see Fig. 5 , the GD's AM units have next projections: x 1 = C 1 ; x 2 = C 2 ; y 1 = S 1 ; y 2 = S 2 ; x 3 = S 3 ; x 4 = S 4 ; z 3 = C 3 ; z 4 = C 4 ; y 5 = C 5 ; y 6 = C 6 ; z 5 = S 5 ; z 6 = S 6 , where S p ≡ sin β p and C p ≡ cos β p . Then vector-column h(β) = {x, y, z} of normed GMC's summary AM vector and matrix A h (β) = ∂h/∂β have the form
For 3-SPE scheme singular state is appeared when the matrix Gramme G(β) = A h (β)A t h (β) loses its full rang, e.g. when G ≡ det G(β) = 0. At introducing the denotations x 12 = x 1 + x 2 ; x 34 = x 3 + x 4 ; y 12 = y 1 + y 2 ; y 56 = y 5 + y 6 ; z 34 = z 3 + z 4 ; z 56 = z 5 + z 6 ; x 12 = x 12 / 4 − y 2 12 ;x 34 = x 34 / 4 − z 2 34 ; y 12 = y 12 / 4 − x 2 12 ;ỹ 56 = y 56 / 4 − z 2 56 ; z 34 = z 34 / 4 − x 2 34 ;z 56 = z 56 / 4 − y 2 56 components of the GMC explicit vector tuning law 
where matricesÃ,B,C andD have conforming dimensions and some general turning parameters. Attitude filtered error vector e f k is applied for forming the digital controlm k = u k taking into account a time delay at incomplete measurement of state and onboard signal processing:
, wherex k = {ê k ,ω k }, matrices have conforming dimensions and also general turning parameters to guarantee the ACS robust properties.
In stage 2, the problems of synthesising digital nonlinear CL were solved for model of the flexible spacecraft (1) with incomplete discrete measurement of state. Furthermore, the selection of parameters in the structure of the GMC nonlinear robust CL which optimizes the main quality criterion for given restrictions, including coupling and damping the SC structure oscillations, see Somov et al. (2005) is fulfilled by a parametric optimization of the comparison system for the VLF and multistage numerical simulation. Thereto, the VLF has the structure derived above for the error coordinates E,ω and the structure of other VLF components in the form of sub-linear norms for vector variables q(t),q(t),β(t) using the vector β(t).
For attitude stabilization of a space telescope body by the ATLAST-8m class there are needed a control period T u = 4 s and a measurement period T q = 1 s. As far as the ACS II cascade (ultra-precise image motion stabilization system) is concerned, here standard digital PID-controllers are applied with a control period T u = 0.125 s and a measurement & filtering period T q = T u /4.
COMPUTER SIMULATION
Suggested two-cascaded nonius control system was simulated with approximate data for a space telescope by the ATLAST-8m class. Most interest results are presented in Fig. 8 -angular velocity errorδ p z (t) in the light detector P i of the telescope for time interval of a steady-state mode with operating II cascade. Here the mean-square error σ = 0.4567 10 −3 arcsec/sec was obtained for the angular velocity errorδ p z (t) ∀t ∈ [84, 100] s.
CONCLUSION
Some problems on a guidance, robust attitude control and long-time image motion stabilization of a large space astronomical telescope by the ATLAST-8m class were considered. Two-cascaded nonius control system was suggested which in cooperation with the solar pressure balancing system by the SAPs slow angular replacements for permanent unloading an accumulated AM of the GMC may be applied for a long-time ultra-precise image motion stabilization.
Elaborated methods for dynamic research at external and parametric disturbances, partial discrete measurement of the state, digital control of the gyro moment cluster and a fine piezo-driver, and also some results of computer simulation, were presented.
